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Double-wdl carbon nanoluh @W- is the most 
bask mmber of the multi-walled carbon nabtube 
(MWCNT) family [l] which catl be prod& h signifi- 
cant quantities p]. T h e  tubes consist of two concentric 
cylindrical graphene layers and their range. of diameters 
is comparable to that of singlewalled carbon nanotubes 
(SWCNTj, Several methods for producing DWCNT 
have been reported, such as oatdytic chemical mpom 
de-tiw (CCVD) [l-31, arc discharp 141 or heating 
molecules ~ p ~ u l a ~  ia S W m T  [l. 
Unfmtunauely, c~mmer&lIy viable methods such as 
CYD 07 arc discharge l& to products which cofitain 
cadyst partides and 'amorphous* carbon. The products 
alsa contain same SWCNT and MWCNT along with 
DWCNT. Of mume, the diameter distribution and also 
the content of Merent tubes in the raw pmduct vary 
between tbe different synthesis methods. There exists 
no singh p d c ~ t i o n  process whch would remove all 
impurities and separate DWCNT from other types of 
tubes. While catalyst particle6 can be eliminated by acid 
treatments [1,6,g, the amorphous c a r h  and the 
unwanted SWCNT can also be removed by oxidation 
in flowing or static air [l ,641. Thmnograuimetric anal- 
ysis (TGA), which shows changes of mass during oxida- 
tion p r o m ,  has been used to determine the oxidation 
pud5~8tion conditions [l 01. 
However, TGA alone does not provide information 
on what is m o v e d  from the sample by oxidation. 
Raman sp~trawopy provides S powerhi method for 
characterization of the carbon structure [f l]. S i m k  
to the Raman spectra of S W W ,  D W W  exhibit 
three d u r & s t i c  bands: the tangential (vibrations 
along the tube axis) stretching G mode (1500- 
1600 m-'), the D mode (-1350 cm-? and the radial 
breathing mode RRM (100-400 cm-') 111-141. While 
the frequency of the RBM is inversely proportional to 
the tube diameter, the tangential stretching mode weakly 
depends on the diameter of the nanotube 1151. D band in 
amorphous or disordered carbon is assigned to a dou- 
ble-resonance Raman effect in sp2 carbon [l 61. The con- 
tribution of defects in the tube walls and other forms of 
carbon, such as rings, to the D band is still not com- 
pletely understood. Raman spe~trascopy can provide 
real-time monitoring of changes in the sample's struc- 
ture and composition. 
In this Letter, we present the results of an in intu 
R m a n  spectroscopy study of oxidation of DWCNT 
which were produced by a CCVD method. The goal of 
the work was to select the oxidation conditions leadiig 
to the removal of amorphous carbon by rnonitosing 
the intensity of the D band in Raman spectra. 
The DWCNT were produced by the CCVD method 
using a Mgl - ,CO# solid solution catalyst containing 
molybdenum oxide with the elemental composition 
M~.99C~o.m75M~o.mB (21. The wpr~duoed CNTS con- 
tained a very low amount of amorphous carbon, present 
only as deposits on some of the tubes' outer waU. 
HRTEM observation of the sample showed 77% 
DWCNTs, 18% SWCNTs and 5% TWCNTs. The &am- 
eter distribution of the DWCNT ranged from 0.53 to 
2.53 nm for inner tubes and from 1.2 to 3.23 nrn for out- 
er tubes, while the diameters of the SWCNT reached 
1.1-2.7 nm 14. The sample was heated in a Linkam 
THMS 6QO heating stage in static air from 20 to 
MO "C at S "Clmin. The sample was held for 4 min at 
every measurement point. The stage was calibrated by 
using the melting points of A$N03 (209 "C), Sn 
(232 "C), KN03 (334 'C), and Ca(OH)2 (580 "C). In 
every case, the difference between the measured and 
expected melting point did not exceed 2 "C. 
The specm were acquired with a Raman micro spec- 
trorneter (Renishaw 1Q00) using an Ar ion laser 
(5 14.5 nm) and a diode kser (780 nm) in back-scattering 
geometry. We used a 2Qx objective with a spot size of 
-5 pm in diameter, which included a large number of 
tubes, providing statistically reliable results. A low laser 
power density was used on the sample (laser power 
c2 mW) to avoid laser heating of the tubes. This low 
power density was achieved by filtering andlor tiefocus- 
ing the laser beam at the sample surface. Spectra were 
acquired with 50 O C  steps in the range from 50 to 
3% O C ,  followed by 25 O C  steps from 350 to 400 OC 
and concluded with 10 *C steps from 400 ta BOO O C .  
After reaching the desired maximum temperature, the 
sample was cooled dawn at 20 "Cl& until reaching 
80 'C and then cooled at 10 "Ctmin to room tempera- 
ture. The heatir@moling cycle was repeated I5 times 
on different samples from two different DWCNT 
batches to obtain statistically reliable data. The same 
heating procedure was used for every reptition and 
each time the experiments were stapped after reaching 
the maximum temperature. 
The TGA was performed with a SETARAM TAG24 
thermobdme. In the TGA experiments, the sample 
was heated in static air from 25 to 600 OC at 5 @Clmin 
continuously up to $00 OC. To simulate the heating con- 
ditions of the in situ Raman study, 4min isothermaT 
steps were performed at 400,420,430 and 440 "C slnd 
S-& steps U S ~  at 460 and 500 "C. The total h t -  
ing time in the stepwise experimerlts with 5 "Clmin ha t -  
ing rate was comparable to the continuous heating rate 
of 3 "Clmin. 
3. Results and discussion 
Fig. 1 shows the D and G band range of the Raman 
spectra of DWCNT sample recorded during heating. 
Prior to heating, the G band can be well fitted with 
Lorentzian peaks at 1593 and 1568 cm-', and a broad 
Gaussian peak at 1525 cm-' (Fig. 2a) for 514.5 nm; 
Lorentzian peaks at 1592 and 1564 cm-', and broader 
Gaussian peaks at 1548 and 15 19 cm-' for the 780 nm 
laser wavelength. Note that only in the case of Fig. 2, 
a baseline correction was used in the frequency range 
10&700 m-' to correct the influence of the filter for 
Fig 1. In situ Raman spectm%opy study of the changes in the D arid 
G band of  DWCNT during oxidation (514.5 nm h w  &citation 
wavelength). 
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Fig. 2. Raman spectra dDWCNT using 780 and 514.5 nrn laser excitation obtained (a) before and (b) after oxidation. lntensities of the spectra have 
been adjusted to improve presentation. 
the Rayleigh peak to the spectra in the frequency range 
from 0 to 200 cm-'. While the narrower Lorentzian 
peaks are ascribed to the semiconducting nanotubes, 
the broader peaks are attributed to the metallic tubes 
[17,18] or overlapping of several peaks arising from 
tubes with similar diameters. 
In Fig. I ,  it can be shown that the D peak, which is usu- 
ally attributed to disordered carbon, starts to decrease at 
-430 "C until it completely disappears at around 510 "C. 
This peak is present in the sample even if the amount of 
disordered carbon is very low. D band in nanotubes 
may also originate from defects in the tube walls and 
was observed in some nanotube samples that did not con- 
tain amorphous carbon. For example, we observed it in 
purified MWCNT samples. A linear downshift of all 
peaks was observed with increasing temperature, but 
the slope varies for different peaks. The value of the ther- 
mal shift was reported to be 0.03 C ~ - ' P C  for SWCNT 
[l 3,191. Our measurements conducted on high purity nat- 
ural graphite (G band at 1580 cm-') led to the value of 
0.024 cm-'/"C. The present experiment for the DWCNT, 
using 514.5 nm wavelength excitation, showed a down- 
shift of 0.029 c r n - ' ~ " ~  for the 1568 cm-' peak and a value 
of 0.026 cm- ' l"~  for the 1593 cm-' peak (Fig. 2b), which 
are within the expected range. 
Another important observation is that the intensity 
changes of the D and G bands at high temperatures fol- 
low different trends. The initial decrease of the IdIG 
ratio is mainly due to the increase of the G band inten- 
sity. The intensity of the G band starts to increase at 
.-v440 OC, soon after noticeable weight loss is recorded 
on the thermogravimetric wrve (Fig. 3), and reaches a 
maximum around 500 OC and then it decreases again 
(Fig. 3). As seen in Fig 3a, the decrease in D band inten- 
sity omurs at temperatures 2&30 OC higher that the 
increase in G band intensity in most experiments. An 
explanation for the d y  intensity increase of G band 
may be the possible removal of hydrocarbons (the tutK 
synthesis was conducted in a hydrogen-containing 
atmosphere) and disordered carbon, which were shiefd- 
hg the Raman signd from the as-received tubes. It is 
supported by a significant weight Ioss observed in this 
temperature range (Fig. 3b). Some variations in the tem- 
perature difference between the G and D band changes 
obwed in our experiments rnay be due to a different 
number or packing density of nanotubes as well as dif- 
ferent amounts of amorphous carbon present within 
the and@ area. On the other hand, there might be 
some temperature e f f k t s  on the m bond vibrations 
which may sac t  Weerentry during hearing with respect 
to the curvature and the influence of temperature on 
the bond softening [20]. The fact that the G band's abso- 
lute intensity starts to increase at about the same tem- 
perature as the D band decreases seems to support the 
former hypothesis. Further BVidence is provided by the 
fact that a higher intensity (206300%) of G band was 
observed after cooling to room-temperature in every 
experiment. When m already oxidized sample was used 
Fig. 3. (a) Cornpmhn of intensity changes in the D and G bands 
duriag oXidation (meawed with 5 14.5 am lam wavelength) md (b) 
TOA curves obtained by heating a DWCMT srunpIe in air. 
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for the in situ Raman study, no i n m e  of G band was 
observed. In this case, there was na disordered carbon 
w the tube surface which could influence the Raman 
signal of the tubes. 
Fig. 2 shows the Raman spectra taken at room-tem- 
perature before and after heating. This graph also dem- 
onstrates that the splitting of the G band is more 
pronounoed after heating and that the shift of the peaks 
due to heating is not completely reversible. This may 
again be due to removal of amorphous carbon and the 
most defective tubes. It has been reported that the G 
band at 1590 cm-' does not depend on the tube diame- 
ter [IS]. Thus, its position should not change after oxida- 
tion of smaller tubes as a result of a decrease of their 
contribution to the total intensity of G band. The lower 
frequency component of the G band (peaks at or below 
-1570 cm-') d e p d s  on the diameter of the tubes. The 
oxidation of the smaller tubes leads to a change in the 
lower frequency peaks while the peak at 1590cm-' 
shows only littie shift (Fii. 2). RBM show no significant 
changes, thus tube size distribution have not been chan- 
ged. This shows that tubes were not selectively oxidized 
or damaged is our proms, in spite of the fact that up to 
a 90% weight loss was observed in some experiments 
(Fig. 3b). 
The most noticeable effect was the near complete dis- 
appearance of the disorder induced D band after oxida- 
tion (Figs. 1-3). Using the 514.5 nm laser, the D band is 
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not observd at all above 510 "C. For the 780 nm bw, 
which produces the largest D band intensity, the IdlG 
ratio decreases from 0.43 before beating to <0.0 15 after 
oxidation, The experiments also show that complete D- 
band removal is possible at lower temperam ( 3 5 6  
400 by using a longer isothermal exposure time or 
a slower heating rate. These results show that in the case 
of DWCNT, the D band ariginata ody from the amor- 
phous carbw in the sample (even if present only in low 
amwnt) and not from the defects in tube walls. W e  
the concentration of defects probably increases during 
the oxidation, the disordered carbon and associated D 
band, disappears. In similar experiments with CVD 
MWNT of about I0 nm in diameter, the phenomenon 
could not be observed after heating to 600 "C, when 
amorphous carbon had been removed. In the case of 
MWNTs, the D band probabIy originates primarily 
from defects in the tube walls. AU the amorphous W- 
bon is oxidized at temperatures below 600°C as well 
as some nanotubes. However, the oxidation under our 
conditions has never eliminated all omotubes. The com- 
position of the sample at tbe end of the measurement ds 
pends on the analped spot, but comparison of RBM 
modes before and after oxidation (Fig. 2) shows that 
only insigniscant changes in the distribution of tube 
diameters could be observed. Thus, removal of amor- 
phow carbon is possible with minimal loss of tubes 
and change in diameter distributions in the sample. This 
cannot be explained by insufficient air supply; control 
experiments with open or closed valves show that there 
was no air shortage in the in situ Raman experiments. 
Also, all catalytic material was oxidized forming primar- 
ily cobalt oxide, which produd bands at 475-680 cm-' 
in the Raman spectra of nanotubes after oxidation (Fig. 
2b). The positions of Rarnan bands of Co304 reported 
in literature are 182, 460, 505, 600 and 670 cm-' c211 
and their relative intensities are in agxement with our 
observations (the strongest band is at -680 cm"'). 
Fig. 4 shows TEM images of the DWCNT samples 
before (a&), after oxidation (c,@ and after additional 
acid treatment (e,O to remove catalyst particles from 
the sample. Two images are shown for each sample at 
low and high magdcation, respectively. Fig. 4b shows 
that some amorphous carbon is present in the form of a 
deposit in some places in the sample before oxidation; it 
must be noted that Fi. 4b is not representative of the 
whole sample, which is mainly clean of amorphous car- 
bon deposit. After oxidation (Figs. 4c and d), the disor- 
dered carbon is completely m o v e d  and only catalyst 
particles are left next to the nmotubm. The catalysts 
were oxidized ta form Co304 as shown h Raman spec- 
tra (Fig. 2b), for which Raman peaks are strongly ex- 
cited by the 514nm laser. These oxide particles are 
larger than the initial nanometric metal catalytic parti- 
des due to caalescence and likely volume increase upon 
oxidation. Also, the content of particles in the sample 
0 1 o o 2 0 0 9 0 0 4 0 0 ~ 8 0 0  
(relative to the nanotubes) seems to increase after heat- 
ing to 600 "C, This may be explained by oxidation of 
some nanotubes in the sample as evidenced by signifi- 
cant weight loss observed in Fig. 3b. 
While high-resolution TEM does not provide statisti- 
cally reliable data on the content of defects in the tube 
walIs, it clearly shows that the o x i d i d  tubes are not de- 
fect-free (Fig. M) and do not look more perfect com- 
pared to the nonoxidized DWCNT (Fig. 4b). These 
wall defects, which are expected to include oxygen-ter- 
minsrted carbons, should provide highly reactive sites 
an these tubes. This may be useful for cornpastes and 
biomedical applications, when surface interactions with 
the environment are important. However, these defects 
did not cause a double.-resonance effect and did not pro- 
duce a D band in Raman spectra (Fig. 2b). Acid treat- 
ment for removing the catalyst particles after the 
oxidation (Figs. 4e and f l  leads to a very pure and clean 
sample. TEM studies of p* samples showed neither 
catalyst particles nor amorphous carbon, only DWCNT 
ready for use. If any catalyst remained, its content was 
well below the sensitivity limit of XRD and EDS tecb- 
niques (less than one weight percent). The tubes formed 
rings and their mean diameter was in agreement with the 
experimental results and the model published by Marttl 
et al. [22,23]. Rings have only been observed in oxidized 
samples. The sonication provides the activation energy 
far ring formatiatt. We had oxidized our DWCNTs at 
high temperature in air and then sonicated them for a 
short time, compared to many hours in MarteI's work, 
to prepare TEM samples. 
While the weight loss after heating to 600 'C was sig- 
nificant, further heating experiments in air have shown 
that complete removal of disordered oarbon leading to 
the disappearance of the D band can be achieved by 
long-term isothermal treatment at temperatures Mow 
400 OC and is accompanied by a much smaller weight 
loss {to be published elsewhere). 
h situ Raman spectruscopy analysis of the oxidation 
of DWCNT showed a complete disappearance of the D 
band in the Raman spactra recorded with 514 nm laser 
excitation. This suggests that the D band of DWCNT 
is not an intrinsic feature of these tubes; the D band 
originates f r ~ m  amorphous carbon present in the sample 
and not from defects h the tube walls. The described 
oxidation proms provides a method for producing 
nmotube samples with a very low DIG ratio (~0.015 
for 780 nm excitation). The decrease or disappearance 
of the D band has not been observed in MWCNT, 
where defects in tube walls generate a much stronger 
D band signal compared to DWCNT. 
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